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During the COVID-19 pandemic, restaurant sanitation and disinfection have become more important than ever
although customers can hardly check visually. The most recent research argues that one invisible element leaving
people vulnerable to the health effects of COVID-19 is particulate matter (PM), micron-sized particles known to
cause acute or chronic respiratory illnesses, including lung cancer. While research shows PM is emitted from
cooking, this study examines indoor PM pollution of an open-kitchen full-service chain restaurant, where
commercial cooking occurs in the dining room, as a case study. The results of a week-long field test showed
offensively harmful levels of PM;q and PMs s, far beyond US EPA and WHO standards, while ambient outdoor PM
associated with the sample restaurant was safe. The study reveals that working or frequently dining in an open-
kitchen restaurant where grilling or frying takes place is likely to cause respiratory health problems and elevate
susceptibility to COVID-19 unless surveillance and preventative measures are taken. Based on our findings,

implications and recommendations for the industry are provided.

1. Introduction

As of September 2020, amid COVID-19, diners in selected states in
the United States can return to restaurants as full capacity in-room
dining is permitted. In compliance with Centers for Disease Control
(CDC) recommendations (CDC, 2020), restaurants are expected to
perform a course of hygiene practices that include cleaning, sanitization,
disinfection, and ventilation. Adjusting to the so-called new normal,
customers likewise pay more attention to health and safety than they did
pre-COVID-19 when choosing a restaurant at which to dine. Among the
types of restaurants to choose from in pre-pandemic times in the past
decade, open-kitchen restaurants that have “nothing to hide” have been
selected by a growing number of diners who are conscious about
cleanliness, safety, and health (Chow et al., 2010; Sohn and Lee, 2018).
Open-kitchen restaurants have been a popular design option, spanning
the gamut from quick service to fine dining (Forbes, 2015; National
Restaurant Association, 2017). Literature documents that transparency
in terms of food quality and cleanliness has made the open kitchen
concept grow very quickly (Sohn and Lee, 2018).

Moreover, open-kitchen restaurants provide intangible dining ex-
periences that other restaurants cannot. For example, customers can see
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who is cooking their food, and under what conditions, in relatively full
view. Before the advent of such restaurants, customers were accustomed
to hearing horror stories regarding dirty kitchens behind closed doors.
Since the kitchen is open to view, customers can watch the flames,
steam, and hustle inside, all of which become part and parcel of the
dining experience. In addition, the sights, sounds, and smells of cooking
help whet the appetites of onlooking diners. Moreover, diners in open-
kitchen restaurants are likely to perceive their food as tastier than
those in closed-kitchen restaurants, according to Buell et al. (2014).

As the open kitchen concept proliferates, however, a certain level of
discomfort and unpleasant dining experiences have been reported in the
hospitality management literature (Byun and Jang, 2018). Among the
negative experiences, cooking fumes are of particular concern since they
are thought to have adverse health effects in humans (Neghab et al.,
2017; Svedahl et al., 2009). Another stream of research in public health
highlights cooking as a significant source of indoor particulate matter
(PM) pollution that does harm to human health in both the home
(Buonanno et al., 2014; Long and Koutrakis, 2000) and the commercial
kitchen (Gysel et al., 2018; Taner et al., 2013). PM is a mixture of
micron-size solid particles or liquid droplets in the air (EPA, 2006), and
has been known to cause acute or chronic respiratory diseases, including
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heart and lung cancer (Cadelis et al., 2014; Valavanidis et al., 2008;
WHO, 2013). The International Agency for Research on Cancer (IARC),
affiliated with the WHO, classifies PM as a major component of air
pollution and as carcinogenic to humans (WHO, 2013). Research shows
that exposure to PM pollution from cooking may be responsible for a
variety of respiratory health effects. For instance, See and Balasu-
bramanian (2006) have demonstrated that chefs and other restaurant
personnel are likely to experience elevated health risks due to PM
exposure in the commercial kitchen. Occupational health researchers
have also found that lung cancer rates are relatively higher among chefs
(Ko et al., 2000; Lin et al., 2019).

PM pollution has become a vital point of concern under COVID-19.
Emerging evidence shows a significant correlation between PM pollu-
tion and the spread of COVID-19 in the U.S., leading to a series of
adverse health effects (Liang et al., 2020; Petroni et al., 2020; Wu et al.,
2020). More specifically, Wu et al. (2020) provided empirical evidence
in support of the correlation between exposure to PM pollution and
COVID-19 mortality from an analysis of 3,080 counties in the U.S.,
demonstrating a 15% increase in the COVID-19 death rate with an in-
crease of 1 ug/m°> of long-term exposure to PMy 5. They also reported
that even short-term exposure to PM pollution has been attested to in-
crease probability of viral infection. Another study by Zhu et al. (2020)
exhibited a significant positive association of short-term exposure to
PM; 5 and PM; with confirmed COVID-19 cases in China. They argued
that exposure to PM pollution is likely to make people more vulnerable
to getting the coronavirus or to having worse outcomes if they are
infected because it would have weakened their defenses against respi-
ratory infections such as COVID-19. They emphasized that COVID-19 is
a severe acute respiratory illness (SARS-CoV-2) and that exposure to PM
pollution could contribute to the development of acute or chronic res-
piratory issues. Interestingly, Fisher et al. (2020) have demonstrated
that a higher number of confirmed COVID-19 cases in the U.S. was found
among those who patronized restaurants than among those who did not.
They found that study participants who tested positive for the corona-
virus were about twice as likely as those who tested negative to have
dined at restaurants in the two weeks before they got sick. Public health
experts in the U.S. have listed bars and restaurants as indoor environ-
ments in which the virus can spread relatively easily (Fisher et al., 2020;
MLive, 2020), and data from states and cities in the U.S. have confirmed
that many community outbreaks of the coronavirus have indeed
centered around restaurants and bars (NYTimes, 2020). Moreover,
popular restaurants throughout the country, in places like Nashville, Las
Vegas, Atlanta, and Milwaukee, have had to close temporarily due to
rising cases among restaurant employees (NYTimes, 2020). Most
recently, Afshari (2020) and Saha and Chouhan (2020) averred that
indoor air pollution resulting from cooking is a contributing factor to
COVID-19.

As of September 2020, Dr. Anthony Fauci, America’s top infectious
disease expert, admitted that coronavirus can spread indoors through
the air and farther than six feet, and that the virus remains in the air for
minutes to hours at a time (Reuters, 2020). Because epidemiologists
have warned that indoor air pollution may play a role in the spread or
exacerbation of COVID-19, it is important to examine indoor PM; and
PM, 5 pollution levels in restaurants—more specifically, in open-kitchen
restaurant settings, where commercial cooking takes place near the
dining area. Although literature has shown that the grilling or frying of
meats emits a significant source of unhealthy indoor PM (Abdullahi
et al., 2013; Gysel et al., 2018), not a single study in the hospitality
management literature has investigated indoor air quality of an
open-kitchen restaurant in the U.S., where the open-kitchen concept is
most popular. There remains a large gap in literature addressing indoor
PM pollution in open-kitchen restaurants in connection to the current
pandemic situation. Therefore, the purpose of the present study is to
establish a baseline assessment of indoor PM pollution in open-kitchen
restaurant dining rooms and to offer public health officials and restau-
rant management insights to consider for ongoing development of
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enhanced cleaning protocols. Our hope is that these suggestions will
help maintain safe and healthy restaurant environments for both cus-
tomers and employees in a post-COVID world. To accomplish the pur-
pose of the study, a series of field tests was conducted to assess real-time
PM;( and PM; 5 concentrations in the dining room of an open-kitchen,
full-service, chain-operated restaurant as a case study. In addition,
ambient PM immediately outside of the restaurant was also monitored in
relation to that of the dining room. The comparison would reveal the
inherent and invisible condition contrary to that of the ambient envi-
ronment immediately outside the restaurant.

The results of the study would highlight safe and healthy conditions
that are invisible in the indoor dining space of an open-kitchen restau-
rant during (and after) the current pandemic, since indoor PM might
play a role in elevating the health effects of COVID-19 (Afshari, 2020;
Saha and Chouhan, 2020; Buonanno et al., 2009). The results would
serve as empirical and quantitative evidence of indoor PM pollution in
open-kitchen restaurants and be used for references in developing public
health and safety protocols by public health officials and restaurant
management for the “new normal” in the coming years. Ultimately, the
findings of the study would offer a better understanding of dining room
air quality in an open-kitchen environment and be utilized to surmise
whether any sort of regulation should be mandated to keep the indoor
environment of an open-kitchen restaurant safe and healthy.

2. Literature review
2.1. Particulate matter (PM)

According to the United States Environmental Protection Agency
(EPA), particulate matter, or particle pollution, is a mixture of solid
particles (e.g., dirt, dust, smoke, or other visible particles) or liquid
droplets in the air (EPA, 2006). Although some particles can be seen
with the naked eye, many others can be only detected with an electron
microscope. For example, PM;g is comprised of coarse-mode particles
(10 micrometers and smaller) while PMj 5 is comprised of fine-mode
particles (2.5 micrometers) (EPA, 2006). The EPA has established a
health-based standard for an acceptable concentration of PM in the at-
mosphere: the short-term standard (24-h or daily average) is 35 pg/m>
for PMy 5 and 150 pg/m3 for PM;o. The standards of the World Health
Organization (WHO) are 25 pg/m3 of PMy 5 and 150 pg/rn3 of PM;,
which are more stringent because the WHO has hypothesized that
exposure to even low levels of particulate pollution can affect human
health (WHO, 2016). These standards are for ambient outdoor envi-
ronments. There are no standards for indoor environments, even though
urban Americans spend 90% of their time indoors and some pollutants
are often 2-5 times higher than typical outdoor concentrations (EPA,
1989). Multiple studies have found that humans and their activities
generate considerable amounts of PM indoors (Afshari et al., 2005;
Chang et al., 2020; Torkmahalleh et al., 2017). Such activities include
cleaning (Chang et al., 2020) and cooking (Buonanno et al., 2014; Gysel
et al., 2018; Torkmahalleh et al., 2017). Among the activities, PM
emissions from commercial cooking are particularly enormous (Gysel
et al., 2018).

2.2. PM pollution and COVID-19

The most recent research in public health regarding the coronavirus
pandemic finds a correlation between PM pollution and COVID-19
health effects. Wu et al. (2020) of the Harvard School of Public Health
show that an increase of only 1 pg/m> of PM, 5 correlates with a 15%
increase in the COVID-19 death rate. They contend that a small increase
in long-term exposure to PM, 5 leads to a large increase in COVID-19
death rate. They suggest that air pollution should be closely moni-
tored to protect human health both during and after the COVID-19 crisis.
In Europe, where COVID-19 death rates were highest in April 2020, the
Italian Society of Environmental Medicine found a significant
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correlation between daily PMjq levels exceeding the legal limit of
50 pg/m°> and the spreading of COVID-19 infection (Setti et al., 2020).
The same scholars contend that the frequency of PM; levels exceeding
the limit in Lombardy, Italy, where the COVID-19 death rate was highest
at the beginning of the pandemic, has been much higher than in
Southern Italy.

In addition, research shows that PM is likely to act as a “carrier” of
viruses. As evidenced, Zhao et al. (2019) demonstrated that the majority
of positive cases of highly pathogenic avian influenza HSN2 in Iowa in
2015 might have been the result of airborne viruses carried by fine
particulate from infected farms both within the same state and from
neighboring states. Moreover, Qin et al. (2020) analyzed the micro-
biome of airborne particulate matter (PM 5 and PM;) in Beijing over a
period of 6 months in 2012 and 2013. Temporal distribution of the
relative abundance of the microbiome on particulate matter showed the
highest incidence of viruses during January and February, which was
known to be the period of highest concentration of PM in any given year
in Beijing. These studies suggest that air pollution particles do harbor
microbes and can carry the viruses, causing disease over considerable
distances.

In another line of COVID-19 outbreak research, Qian et al. (2020)
contend that indoor environments are more serious than their outdoor
counterparts. Among 318 identified outbreaks in 320 Chinese cities
between 4 January and 11 February 2020, they found that all of the
outbreaks, with one exception, occurred in an indoor environment. In
addition, they demonstrate that indoor restaurant environments are
ranked third (after the home and public transportation) among places
where the outbreaks have occurred. Li et al. (2020) and Lu et al. (2020)
confirm that the COVID-19 outbreak tied to a restaurant in China was
due to the airborne spread of the virus inside the restaurant.

2.3. PM emissions from commercial cooking

According to Gysel et al. (2018), grilling burgers at fast food res-
taurants releases twice as much PM into the air per year as truck and
factory emissions. They argue that restaurant operations outfitted with
charbroilers (chain-driven and under-fired) are responsible for about
84% of the PMy 5 emissions in the greater Los Angeles Basin. Ample
research shows that commercial cooking also contributes to ambient
particle emissions in urban environments (Li et al., 2015; Sjaastad et al.,
2010; Torkmahalleh et al., 2012). In particular, charbroiling emits more
PM; 5 than all other cooking activities due to the characteristics of the
cooking methods and fuel types in question (Li et al., 2015). Among the
latter, gas is likely to produce higher PM levels than electricity. Sjaastad
et al. (2010) created a kitchen typical of those in Western European
restaurants, measuring 19 square meters (62 feet) and containing both a
gas stove and an electric stove with a canopy hood. They fried 17 pieces
of beefsteak, each weighing about a pound, in both margarine and
soybean oil for 15 min. The results showed higher levels of ultrafine
particles produced via gas than electric. The level of PM emission was
found to correlate with the type of oil used and the temperature to which
it was heated. Torkmahalleh et al. (2012) showed that soybean, saf-
flower, canola, and peanut oils produced lower PMy 5 emission than
corn, coconut, and olive oils. They also found a correlation between the
smoke point of the oil in question and PM emission rates. In their later
study, they argued that cooking method, type of pan, food, additives,
cooking temperature, and ventilation were all influential factors
affecting cooking PM emission rates and resulting concentrations
(Torkmahalleh et al., 2017).

2.4. Effects of particulate matter (PM) from cooking on human health

The International Agency for Research on Cancer of WHO has also
classified cooking fumes as likely carcinogenic (Straif et al., 2006).
Research in the medical field has shown cooking to be a significant
source of indoor air pollution that causes adverse health effects such as
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lung cancer, as well as cancers of the bladder and cervix (Sjaastad et al.,
2010; Svedahl et al., 2009). These studies contend that those who cook
on a daily basis would have the highest risk. Occupational health re-
searchers have found that cancer rates are relatively higher among chefs
(Ko et al., 2000; Lin et al., 2019). In Taiwan, high lung cancer rates
among chefs have been linked to the practice of tossing food in a wok,
often in a confined space, which increases the concentration of hot oil in
the cook’s breathing zone. Although smoking is the main cause of lung
cancer in most countries, only 10% of women with lung cancer smoke in
Taiwan. By comparison, 86% of Taiwanese men with lung cancer smoke
(Ko et al., 2000). The evidence suggests that it is exposure to cooking
fumes that accounts for the high rates of lung cancer in women, despite
their low smoking rates. The same research argues that the more time
women spend cooking food, the more at risk they are for lung cancer.
Insufficient ventilation might be also the cause of lung cancer since
higher cases of the cancer were found among chefs who did not have
fume extractors in their kitchens than among those who did (Sjaastad
et al., 2010). Without effective ventilation, cooking-related PM emis-
sions are likely to accumulate in the kitchen and travel into the dining
room. Therefore, it is essential to have high capacity ventilation systems
in commercial kitchens not only for kitchen staff members, but also for
customers in dining areas.

2.5. Indoor PM pollution in restaurants

Previous research on indoor PM pollution in restaurants is scarce.
Among the few extant studies, those of Wallace and Ott (2011) and Ott
et al. (2017) constitute the only research documenting empirical evi-
dence of indoor air quality of restaurants in the United States. Wallace
and Ott (2011) measured the indoor air quality of 22 restaurants in
several states such as Maryland, Virginia, and California by counting
ultrafine particles 1 pm or smaller in size while dining in the restaurants
themselves. Among the different types of restaurants at which they
dined—including French, Chinese, Indian, and steakhouses—they found
that restaurants with open-flame cooking or grills located in dining areas
in close proximity to patrons had relatively high ultrafine particle con-
centrations. However, the duration of their measurement lasted only for
two hours during their meal. PM;o and PM 5 were not reported in their
investigation (see Table 1). Ott et al. (2017) measured PM5 5 at a Jap-
anese steakhouse where customers sit close to the grill under an over-
head ventilation hood and a chef cook dinner in front of them. They
observed a peak of over 300 pg/m> of PM, 5 while the mean for the
duration of a two-hour dinner was moderately high at 38.4 pg/m?>.
Research shows, however, that intermittent events of high particle
concentration levels are detrimental to respiratory health (Valavanidis
et al., 2008; Zhu et al., 2020).

A study conducted by Lee et al. (2001) is the first empirical research
performed outside of the U.S. documenting indoor PM levels in restau-
rants. They measured indoor PM of four different restaurants for a
two-hour period. Among the four restaurants—including a Western
canteen, Chinese dim sum, hot pot, and Korean BBQ—average PM levels
in the Western canteen and Chinese dim sum restaurants were found to
be lower than those of Korean BBQ and Chinese hot pot. PM levels in the
Western canteen restaurant, where food was cooked in the kitchen, were
the lowest. The Chinese dim sum restaurant, which offered dim sum in
steaming equipment installed in the dining area, exhibited lower
average PM levels as well. By contrast, the dining area of the Chinese hot
pot restaurant showed significantly higher PM levels than those of the
Chinese dim sum and Western canteen restaurants. However, the Korean
BBQ restaurant, where food is cooked in oil on a hot frying pan in the
dining area, showed obscene levels of 1,442 (SD = 301) pg/m3 of PMjo
and 1,167 (SD = 173) pg/m3 of PMy 5 while US EPA regards 150 pg/rn3
of PMyg and 35 pg/m> of PMy 5 are acceptable. The researchers noted
that the cooking methods used for food preparation in both the dining
area and kitchen were inadequately ventilated, thus leaving employees
and customers easily exposed to the PM being generated. In New
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Table 1
Restaurant PM studies in literature.
Authors Discipline Site Restaurant Type Particle Mean Maximum  Measurement Unit Measurement Measurement
Location Size Period Duration (hr.)
PM10 1,442.0 4,052.0
Ki BB ’ ’ Di 2
Lee et al. Environmental Hong orean BBQ PM2.5 1,167.0 1,911.0 inner
(2001) Science Kong PM10 38.8 55.1
Western Canteen PM2.5 21.8 27.0 Lunch 2
Korean BBQ with PM10 32.0 - pg/m* (Mass Dinner 5
Lee et al. Environmental Korea plate on gas PM2.5 71.1 - concentration)
(2007) Engineering Korean BBQ with PM10 169.4 - Dinner 9
grill over charcoal PM2.5 124.1 -
Wilson et al. . New 368.0 1,472.0 .
(2011) Public Health Zealand BBQ PM2.5 166.0 932.0 Dinner 2
French 228 - 1
o . Indian 222.0 - 3 3 1.3
ngt't; (;1;1(1) E";’;Z‘::l';‘; ntal UsA Chinese PM1.0 2030 - (Xpigi;;nmunt) Dinner 13
P 24 Sports Tavern 88.0 - 0.5
Steak House 16.0 - 1.2
. . Japanese 3
Ol(l 2601 1(171; E;\:;g:mental USA Steakhouse PM2.5 384 3000 Eg::;ngx;isn) Dinner L4
Italian 337.0 600 1.5

Zealand, Wilson et al. (2011) conducted an indoor PMj 5 investigation in
four BBQ restaurants. They observed a maximum of 1,472 pg/m® and an
average of 368 pg/m®. Taner et al. (2013) measured PM in 14 restau-
rants that cooked with charcoal in Kocaeli, Turkey and investigated the
human health risks associated with PM 5 for each restaurant. They
found that charcoal combustion and indoor activities produced fine
particles in the air, thereby increasing carcinogenic risk, and that the
total hazard quotient was above the acceptable limit for each restaurant.

Scientists of countries where open-flame cooking is popular have
conducted a number of empirical studies examining restaurant air
quality in the context of environmental science and public health. Lee
et al. (2007) examined PM mass concentrations of BBQ restaurants in
which tabletop grills with a ventilation system were installed in Korea.
They observed 7.2 pg/m3 of PMy 5 and 12.6 pg/m3 of PMj in the res-
taurants before grilling. As the stainless plate was being heated on a
liquefied pressurized gas (LPG) stove, the PM concentrations were found
to nearly double. As expected, PM concentrations sharply increased as
the meat was grilled on the plate, reaching 32.0 pg/m® of PM, 5 and
71.1 pg/m> of PMyq. They also examined the difference of PM concen-
trations by heat source and grill type: stainless steel plate with LPG vs.
stainless steel grill with charcoal. They observed higher PM concen-
trations—as high as 124.1 pg/m® of PMys and 169.4 pg/m® of
PM;o—when cooking on a grill with charcoal. They argued that drip-
page of incompletely combusted fat onto the charcoal flames was the
cause.

In sum, we assume that PM pollution would be present in the dining
room of an open-kitchen restaurant where commercial cooking
involving grilling or frying is performed wide open to the dining area.
While it is unknown whether particulate matter pollution plays any role
in the spread of the coronavirus, the presence of indoor PM in the
restaurant is still detrimental to the health and well-being of employees
and frequent customers. Accordingly, the public and restaurant opera-
tors alike should be made aware. Thus, this study, conducting a field test
tracking indoor PM in the dining room of an open-kitchen restaurant in
the U.S. will be able to provide quantitative and empirical evidence for
the public sector toward implementing new regulation, for the industry
to seek out a mitigation effort, and for hospitality management literature
to expand into a post-COVID-19 era.

3. Methodology
3.1. Sampling location

Open-kitchen restaurants are designed to provide customers with a
feeling of elevated hygiene and transparency standards toward instilling

a sense of quality and trust (Sohn and Lee, 2018; Time, 2012). However,
cooking is known to emit micron-size appreciable aerosol that is harmful
to human health, especially regarding the respiratory system. The latest
research shows that the micron-size aerosol known as particulate matter
(PM) is likely to exacerbate the effects of COVID-19 (Setti et al., 2020;
Wu et al., 2020). Therefore, the primary goal of this study was to
quantify and document indoor PM in the dining room of an open-kitchen
restaurant to see whether additional cleaning of invisible pollutants in
the restaurant is necessary beyond distancing and disinfecting
high-touch points. To achieve this goal, an upscale casual open-kitchen
full service restaurant in the southeastern United States was selected as
the sample for our case study. One of the authors was a staff member at
the restaurant at the time and able to obtain management’s approval to
conduct field tests monitoring real-time indoor PM in the dining room.
Said restaurant is one of the fastest-growing upscale casual chain res-
taurants in North America and has a standalone structure in an outdoor
shopping mall. It serves primarily grilled meats and pastas during lunch
and dinner. The restaurant has a Type 1 commercial kitchen hood
ventilation system for such kitchen appliances as fryers and griddles that
produce grease and smoke in accordance with building code regulations.
The exhaust system is in place to remove heat, grease-laden steam, and
cooking smoke in the kitchen. Separate from the kitchen ventilation
system, the dining ventilation is integrated into the air conditioning
system via natural ventilation when customers and employees enter and
exit the restaurant entrance and two patio doors. The restaurant has a
seating capacity of 370. The number of covers is approximately 400
during weekdays and 600 on weekends. Details about the restaurant are
listed in Table 2.

Table 2
Sampling site information.
Facility Type Open-kitchen
Kitchen Hood Type 1 with makeup air supply
Type of Operations Chain
Style American bar and grill
Food Type Grilled meats and pastas
Meal Serving Lunch and Dinner Sunday
Brunch
Seating Capacity 370
Daily covers on average 400 weekdays 600 weekends
Number of Kitchen Staff (Full & part time) 30
Number of front of House Staff (Full & parttime) 60
Building space (Sq. ft.) 8500
Dining space (Sq. ft.) 5100
Dining layout Open space
Ceiling Height (ft.) 9
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3.2. Sampling instrument

To measure indoor PM;y and PM, 5 concentrations of the dining
room in the recruited restaurant, a portable real-time particle counter
(specifically, a Lighthouse Worldwide Solutions’ Model Handheld 3016
IAQ instrument) was used, which is equipped with a laser-diode light
source and collection optics for particle detection. The same instrument
has been used in previous academic studies monitoring indoor PM
(Chang et al., 2020; Ramos et al., 2014). Two instruments were ordered
and calibrated before being shipped to the researchers. One device was
placed on a four-foot high countertop in the center of the dining room to
collect air samples from the breathing zone of seated customers. For
outdoor measurements, the other device was set on a five-foot counter
outside of the restaurant where no public access was granted. Both de-
vices were set to take samples for a consecutive 300 s (5 min) with a
10-second pause between samples, as administered in other studies
(Chang et al., 2020; Lee et al., 2007).

3.3. Sample collection

Air monitoring investigations were carried out in the third week of
January 2019 at the selected restaurant during dinner hours (4 p.m. to
10 p.m.). PM measurements were taken continuously for 6 h a day for
the week so that temporal variations could be examined. A descriptive
analysis was performed to obtain mean, maximum, minimum, and
standard deviation for PM;o and PMs s levels. A series of line charts was
created to display a pattern of PM concentrations over time.

4. Results

Basic environmental parameters such as temperature and relative
humidity of the dining room have been measured and presented in
Table 3 and Fig. 1. The dining room temperature was well maintained in
a comfortable range, from 66.9°F (SD=0.5°F) to 74.9°F
(SD = 0.9 °F), throughout the week of the field test. The small standard
deviations showed that indoor room temperatures were consistent.
Relative humidity percentages were also stable between 45% and 54%.

4.1. PMy

Each PM mass concentration level observed in this study was a five-
minute sample. Technically, a set of 12 samples was supposed to be
collected for each hour (60 min / 5-min sample = 12 samples), but since
there was a 10-second pause between samples (12 samples x 10-second
pause = 120 s / 60 s = 2 min), there were approximately 11 samples an
hour. Overall, there were 66 samples collected for the 6-h dinner busi-
ness per day.

Among the 66 samples observed, the highest PM; levels for each day
are shown in Table 4 and in Fig. 2, ranging from 634.8 pg/m® on Friday
to 5,172.1 pg/m> on Wednesday. The latter level was the highest, fol-
lowed by 4,180 pg/m® on Monday. Despite being only five-minute
samples, they were thought to show an obvious negative impact on
short-term exposure. Any level over 4,000 pg/m? is unheard of even in
the deadliest polluted cities (Tara, 2018) and was closer to levels found
in lab experiments measuring PM;( from the exhaust pipes of running
cars. Friday’s 634.8 pg/m°® was the lowest in the given week, followed

Table 3

Dining room temperature and relative humidity.
Dining Room Mon Tue Wed Thu Fri Sat Sun
Temperature (F°) 66.9 69.8 69.2 69.8 74.9 72.6 68.6
S.D. 0.5 1.0 0.7 0.6 0.9 0.8 0.5
Relative Humidity (%) 45.0 49.1 46.9 54.2 53.8 52.1 46.4
S.D. 2.3 3.1 1.8 3.4 2.7 1.6 1.6

28.D. stands for Standard Deviation.
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by 1,092 pg/m?> of PM;o on Tuesday.

Daily PM;( averages of 6-h dinner operations for a week are pre-
sented in Table 4 and Fig. 2 as well. While the acceptable EPA standard
for PMyg is 150 pg/m° for a 24-h period, all of the daily PM;, averages
were much higher than the standard, ranging from a minimum of 190.6
(SD = 217.7) pg/m3 on Tuesday to a maximum of 922.4 (SD = 961.9)
pg/m® on Wednesday. The standard deviations (SDs) were greater than
those of the mean, thus depicting an abnormal distribution of data and
their deviation from the mean value. The SDs of the remaining days were
also large enough to show that the observed PM levels had large vari-
ations, which might indicate that high PM levels were monitored in a
certain period during the 6-h business period, such as 7 p.m. to 9 p.m. of
the busy dinner hours as exhibited in Fig. 3.

The high 6-h daily PM;( averages are substantiated when the strin-
gent WHO standard of 50 pg/m? is applied. Among the 7 days, the av-
erages of Wednesday and Monday were the highest—922.4
(SD = 961.9) pg/m® and 896.3 (SD = 1,050.6) pg/m°, respective-
ly—followed by Sunday’s 759.8 (SD = 648.5) pg/m°. A minimum PM;
level among the 66 samples for each day is also presented in Table 4.
Each PM;( minimum level in the dining room was comparable or even
lower than that of the strict WHO limit of 50 pg/m?, indicating there was
a brief period of time (at least for five minutes) on each day when the
dining room air quality was acceptable.

As shown in Fig. 3, the PM; o temporal variation of each day is plotted
on a chart with the EPA and WHO standards applied over time. A series
of sharp peaks and troughs higher than those two straight lines of the
standards over time are displayed. In general, gentle spikes and troughs
appeared in the early, so-called happy hours (from 4 p.m. to 7 p.m.) on
weekdays from Monday to Thursday and excluding the weekend. This
pattern somewhat makes sense because a busy weekend begins late
Friday afternoon. The sharpest spikes were mostly monitored during the
prime dinner hours of 7 p.m. to 9 p.m., as shaded in the charts. As a full-
service open kitchen restaurant is being operated, business over the
course of the day comes in waves. As the tables get up and are cleaned,
the next guests are brought in to have their orders taken. These waves in
service are represented by the peaks and troughs in PM pollution
observed in the charts. On Saturday, it was interesting to observe that
the peaks and troughs of PM;y were gentle in overall unlike those of
others. The PM; trends of late evening hour on Tuesday and on Friday
exhibited a difference as a few sharp peaks were also observed after
prime dinner hours.

As exhibited in Fig. 4, outdoor PM; temporal variations are plotted
over time. Observed outdoor PM trends for the week were below the
EPA standard of 150 pg/m>. The trends overlapped either over or below
the WHO standard limit of 50 pg/m>. As shown, outdoor PM levels were
much lower than those of the dining room inside the restaurant.
Therefore, it can be assumed that the indoor PM pollution is not asso-
ciated with outdoor PM pollution. If anything, indoor air quality could
be enhanced if outdoor air was brought into the dining room.

4.2. PMss

Among the 66 measurement samples collected for six hours a day for
the week, a peak level of PMj 5 for each day is shown in Table 5 and
Fig. 2, ranging from the lowest (166.5 pg/m> of PMj 5 on Friday) to the
highest (631.6 pg/m> of PMy 5 on Wednesday). As exhibited, that on
Wednesday was the highest, followed by 562.7 pg/m® of PMas on
Monday. A 5-minute exposure to over 500 pg/m> of PMy s is critical
enough to pose a health concern in both the short and long term. Even
the peak level of 166.5 pg/m> of PMj 5 on Friday would be considered
high enough to issue an alert people in the community to take precau-
tion if it were monitored outdoors in a polluted city. A minimum level
among the samples for each day was retrieved and is charted in Fig. 2. As
shown, all were below the EPA PMj 5 standard of 35 pg/mB, meaning
there was a brief period of each day during which the dining room air
quality was acceptable.



H.(S. Chang et al.

International Journal of Hospitality Management 94 (2021) 102854

Dining Room Temperature & Humidity

/\

THU FRI SAT SUN

Relative Humidity
(%)

Fig. 1. Dining room temperature and relative humidity.

80
75
70 —
65
60
55
50
45
40
35
30
MON TUE WED
e Temperature
(F°)
Table 4
PM field test results.
Day of Statistics PM; (ug/ US EPA Standards WHO Standards
Week m?) (ug/m?) (ug/m?)
Monday Mean 896.3
Maximum 4,180.0
Minimum 17.8
s.D.2 1,050.6
Tuesday Mean 190.6
Maximum 1,092.0
Minimum 11.9
S.D. 217.7
Wednesday Mean 922.4
Maximum 5,172.1
Minimum 51.9
S.D. 961.9
Thursday Mean 576.1
Maximum 2,372.8
Minimum 18.5 150 50
S.D. 557.0
Friday Mean 263.7
Maximum  634.8
Minimum 46.1
S.D. 155.6
Saturday Mean 228.2
Maximum 1,315.4
Minimum 50.9
S.D. 161.9
Sunday Mean 759.8
Maximum 2,830.7
Minimum 49.5
S.D. 648.5
Measurement Duration 6h 24h 24h

Daily PM, 5 averages for 6-h dinner operations during the week are
presented in Table 5. While the acceptable EPA standard for PMy 5 is
35 pg/m3 for a 24-h period, all of the daily PMj 5 averages were much
higher than the standard, ranging from the lowest at 50.9 (SD = 41) pg/
m® on Tuesday to the highest of 179.5 (SD =131.7) pg/m> on
Wednesday. When the WHO standard of 25 pg/m? is applied, indoor
PM, 5 pollution in the restaurant would be considered harmful during
the six hours. Among the 7 days, the averages of Wednesday and
Monday were the highest—179.5 (SD = 131.7) pg/m® and 157.0
(SD = 139.2) pg/m>, respectively—followed by Sunday’s average of
134.0 (SD = 82.2) pg/m°.

Continuous PM, 5 observations for each day, plotted on a chart with
EPA and WHO standards aligned over time, are shown in Fig. 5. There
was a series of sharp peaks and troughs above and below those stan-
dards. As in the case of PMj, the sharp and successive spikes generally
appeared in waves, in particular, during the prime dinner hours of 7 p.m.
to 9 p.m., as shown in the shaded timeframe of Fig. 5. During the happy

hours from 4 p.m. to 7 p.m., there were gentle spikes on weekdays and
sharp spikes over the weekend. The sharp spikes during happy hours
were more obvious on weekends—i.e., from Friday to Sunday. Whereas
dining room PMy 5 levels after prime dinner hours generally showed
signs of settling, those of Friday were the opposite. Regarding both PM;¢
and PM, 5 on Saturday, it was interesting to monitor that the Saturday
PM, 5 trended far above the acceptable standards during the entire day
while that of the Saturday PM;q did not.

Outdoor PM; 5 temporal variations are shown in Fig. 6. The observed
PM; 5 trends for the week were under both the EPA standard of 35 pg/
m? and the WHO standard limit of 50 pg/m?>. Outdoor air quality during
the weeklong field test was much better than inside the dining room of
the restaurant. Thus, indoor PM; 5 pollution is not brought in from the
outdoors. It also appears that outdoor air could be brought indoors to
enhance dining room air quality.

5. Conclusions and discussion

Rarely addressed in the hospitality management domain, this study
is the first empirical investigation uncovering compelling evidence of
harmful PM pollution in an open-kitchen restaurant. While the study
highlighting unhealthy indoor PM concentrations in occupied hotel
guestrooms is considered to be the first empirical evidence in the hos-
pitality management literature (Chang et al., 2020), the findings of the
current study extend the literature by revealing hazardous indoor PM
pollution in the dining room of an open-kitchen restaurant, which is in
need of attention. As PM pollution has become a vital point of concern
under COVID-19, the results of this study illuminate the unsafe and
unhealthy environment that is invisible to occupants in an open-kitchen
restaurant. They would enlighten public health officials and restaurant
management to the vulnerability to COVID-19 in open-kitchen restau-
rants associated with their hazardous indoor PM concentrations. The
results of our week-long field test provide empirical evidence that leads
to the following conclusions.

First, our study confirms that commercial cooking emits an excessive
level of indoor PM concentration. Therefore, a serious indoor PM
pollution is likely present in the dining room of an open-kitchen
restaurant where grilling meats or frying with oil is carried out. The
results are aligned with previous studies in public health (Ott et al.,
2017; Wallace and Ott, 2011), demonstrating high particle concentra-
tions in the dining rooms of restaurants with open-kitchen designs. The
PM levels observed in our study were much higher than theirs. This
result may be due to the large volume of food that the sample restaurant
handles throughout a given day. Moreover, our field test was conducted
for six hours a day over the course of a full week, compared to the
two-hour samplings of their studies. Therefore, our results much more
closely represent reality and carry more weight in terms of gauging the
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Table 5
PM, 5 field test results.

Day of Statistics PM,s (ug/  US EPA Standard WHO Standard
Week m®) (ug/m®) (ug/m®)
Monday Mean 157.0
Maximum 562.7
Minimum 8.9
S.D? 139.2
Tuesday Mean 50.9
Maximum 205.8
Minimum 6.4
S.D. 41.0
Wednesday Mean 179.5
Maximum  631.6
Minimum 24.3
S.D. 131.7
Thursday Mean 107.9
Maximum 413.9
Minimum 9.7 35 %
S.D. 79.8
Friday Mean 81.1
Maximum 166.5
Minimum 13.6
S.D. 40.6
Saturday Mean 81.6
Maximum 169.2
Minimum 31.4
S.D. 26.3
Sunday Mean 134.0
Maximum 379.3
Minimum 22.2
S.D. 82.2
Measurement Duration 6h 24h 24h

2 S.D. stands for Standard Deviation.

severity of, and long-term exposure to, hazardous indoor PM pollution.

Second, our results provide evidence that there may be serious health
risks when working regularly or dining frequently in open-kitchen res-
taurants. We uncover that dining room PM during six-hour dinner
business hours is hazardous enough to put the health of employees and
frequent customers at risks. Not only are the six-hour PM averages that
are much higher than those of EPA and WHO standards alarming, but so
do the maximum levels observed pose acute (Soppa et al., 2014) or
chronic health concerns (Valavanidis et al., 2008). In particular, the PM
temporal variations for the busy dinner hours of 7 p.m. to 9 p.m. show
sharp spikes far above acceptable standards. Those peaks correlate with
the high volume of meals produced in the prime dinner hours. Although
the sharp PM surge appear briefly, research shows that the high particle
concentration occurring erratically is detrimental to respiratory health
(Valavanidis et al., 2008; Zhu et al., 2020). Public health experts argue

that there are short-term effects of PM pollution on human respiratory,
cardiovascular, nervous, and immune systems, as well as reproductive
development (Afshari et al., 2005; Huang et al., 2019). Long-term
exposure is more serious according to Valavanidis et al. (2008), whose
study asserts that events of high particle concentration levels are asso-
ciated with adverse health effects in the long run. Therefore, the obscene
indoor PM levels observed in the present study provide empirical evi-
dence that indoor environments where commercial cooking is per-
formed may leave employees and customers vulnerable to adverse
health effects, especially those affecting the respiratory system like
COVID-19. Exposure of those personnel working in the kitchen is
assumed to be much higher than those of wait staff members and
frequent customers in the restaurant, as previous studies have asserted
(Sjaastad et al., 2010).

Third, our study reveals that an open-kitchen restaurant may no
longer be considered the clean, healthy, and safe restaurant that many
have perceived it to be. As Byun and Jang (2018) have exhibited cus-
tomers’ perception of service failure in an open-view setting as one
particular disadvantage of open-kitchen restaurants, our study uncovers
another weakness of the functional design of open-kitchen restaurants
when taking indoor air quality into account. The unexpected obscene
levels of the results have led to further analysis of long-term exposure, as
shown in Table 6. The results of our week-long field test show that in-
door PM in the dining room of an open-kitchen restaurant is high enough
to pose not only short-term but also long-term health risks for staff
members and frequent customers in the restaurant. As shown in Table 6,
the 42-h averages of PMjy, and PMys for the entire week are
548.1 pg/m® (SD = 701.0) and 113.1 (SD = 97.0) pg/m?, respectively.
While the lenient US EPA limits are 150 pg/m® of PM;q and 50 pg/m® of
PM; 5 for 24 h, the observed PM levels would raise a serious health
concern if the exposure were to occur repeatedly over a career- or life-
long period. Long-term exposure to PM is more serious according to the
WHO and EPA (EPA, 2018; WHO, 2016). That is why the guidelines for
long-term PM pollution are different and stricter than those for 24-h
standards. For instance, the WHO dictates that the annual mean of
PM; should be 20 pg/m3 or under, and that the annual mean of PMj 5
should be 10 pg/m3 or lower. The EPA’s annual standard for PMs 5 is
12 pg/m?; there is no EPA annual standard for PM;o. While acceptable
annual averages are below 20pg/m> our 42-h averages are
548.1 pg/m® of PMyg and 113.1 pg/m® of PMy 5, which are far above the
accepted standards. As indicated earlier, one of co-authors of this study
was an employee of the sample restaurant and had worked over 40 h
during the week of the field test. Upon our discovery, he said, “I had
spent hundreds of hours for months working in this polluted environment
unknowingly. The worst piece is that this restaurant (and many others like it)
is not aware of the risk to which it is exposing their guests and employees each
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Fig. 5. Temporal variations of dining room PMj s.
Note: Two straight lines are US EPA & WHO standards.

Table 6
PM field test results.

Indoor PM Mass

US EPA Standard

WHO Standard

PM
Size Statistics (ng/m>) (pg/m>) (pg/m>)
Mon. - Sun.

Mean 548.1
Maximum 5,172.1

PMio Minimum 119 - 20
S.D* 701.0
Mean 113.1
Maximum  631.6

PMzs Minimum 6.4 12 10
S.D. 97.0

Measurement

Duration 42h 1 year 1 year

2 S.D. stands for Standard Deviation.

Fig. 6. Outdoor PM, 5 temporal variations.

day. Restaurant management and diners should be made aware of hazardous
PM levels and the possible effects. My deepest sympathies go out to the chefs
who are likely the most exposed.” For the sake of comparison, the average
annual PM pollution levels of Delhi, India, a polluted urban city that is
home to 25.7 million people, were 292.3pg/m® of PM;, and
143.1 pg/m® of PMj 5 in 2018 (USA Today, 2019). Residents of Delhi are
well aware of the city’s poor air quality, so they are advised to protect
themselves from exposure by wearing a mask. The national government
has also made a relentless effort to reduce the air pollution. Obviously,
neither full-time employees nor frequent customers of the sample
restaurant are aware of this. They must now face the reality that the
dining room environment where they spend a fair amount of time
working or dining on a regular basis is comparable to that of Delhi,
India, where air pollution is at a seriously high level. No regulations are
currently in place to keep the indoor air pollution monitored and
controlled for public health.

Lastly, our results infer that open-kitchen restaurants are likely to be



H.(S. Chang et al.

the indoor environment where occupants are susceptible to health ef-
fects of COVID-19. As Wu et al. (2020) argue, a long-term exposure to
1 pg/m> of PMy s is associated with a 15% increase in the COVID-19
death rate, meaning that kitchen personnel in the subject restaurant
are likely to be very much susceptible to the health effects of COVID-19,
which is a potentially fatal respiratory disease. Interdisciplinary
research investigating a correlation between exposure to indoor PM
emitted from commercial cooking and the health effects of COVID-19 is
suggested. Since previous studies contend that PM plays a role in the
spread of infectious viruses (Setti et al., 2020; Zhao et al., 2019) and
microbiomes (Qin et al.,, 2020), further interdisciplinary research
assessing whether indoor PM resulting from commercial cooking would
exacerbate the spread of contagious viruses in the poorly ventilated
dining rooms is recommended. Investigating the air quality of the
brew-pub restaurant in Michigan where 85 people were contracted with
COVID-19 in mid-June 2020 (CNN, 2020) can be a great start to begin
the study. In essence, local health authorities should take immediate
action to audit indoor PM levels in open-kitchen restaurants where a
large volume of grilled meats or fried foods are cooked and served for
public and occupational health. In addition, public health policymakers
should consider mandating proper regulations on indoor air quality in
restaurants to maintain the health and well-being of employees and
customers for the new normal after COVID-19.

To reduce harmful indoor PM levels in the dining space of an open-
kitchen restaurant, the following actions may be taken. First, restaurant
management should check the kitchen hood ventilation system to
determine whether it is functioning properly. Hood ventilation is key to
keeping the kitchen clean and preventing harmful PM from traveling to
the dining room. A properly working hood system should effectively
vent cooking effluents. It is recommended to hire certified engineers and
to check the entire kitchen hood ventilation system, including the
makeup air system, which is required in a commercial kitchen by law
and in accordance with local building code regulations. The system
vents out all smoke, grease, odors, and PM generated by the cooking
process through a hood system by supplying fresh air to the kitchen.
Thus, restaurant management should make sure that the kitchen hood
ventilation system is properly working and preventing air pollutants
from traveling to the dining area. Also, Hood filters that are not cleaned
often enough can clog and compromise the airflow of a hood, which
decreases hood performance. Thus, rigorous hood filter maintenance
should be implemented on a regular basis.

Second, open-kitchen restaurant brands should investigate which
particular menu items emit the most harmful PM emissions in the
kitchen. Prior literature reported that hazardous PM emissions are
dependent on raw food, cooking style, cooking oils, cooking tempera-
ture, type of pots and pans, and so on (Abdullahi et al., 2013; Torkma-
halleh et al., 2017). Thus, restaurant corporate chain brands should
develop a course of cooking processes to minimize PM emissions under
their purview. The safety and health of kitchen personnel are secured, as
are those of customers in the dining room of open-kitchen restaurants.

Third, open-kitchen restaurant brands should consider implementing
new mechanical dining room ventilation systems similar to kitchen hood
ventilation. Although costly, such expenses are increasingly necessary in
the age of COVID-19. Medical experts and scientists continue to
emphasize the importance of ventilation in enclosed spaces, such as
restaurants and bars, where crowds are known to gather (CDC, 2020).
Epidemiologists have stated that aerosol transmission of the virus can be
mitigated by proper ventilation (Morawska et al., 2020). Therefore, a
ventilation system that draws in treated outdoor air and filters indoor
contaminants should join the list of necessary safety measures along
with surface disinfecting, handwashing, masking, and social distancing.
Because restaurants are a difficult place to use masks, proper ventilation
is key to reducing indoor air pollutants and the spread of the novel
coronavirus indoors. Adding a number of portable air purifiers with
high-efficiency particulate air filters is one viable, if temporary, solu-
tion. As evidence by Zhao et al. (2020), air purifiers may be an effective
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supplementary measure for indoor transmission of viruses, including
COVID-19.

Reflecting the abovementioned recommendations would require
restaurant brands to make a capital investment and corporate commit-
ment against COVID-19. To obtain fair return on said investment,
restaurant brands should help customers recognize the intrinsic value
created. As a result, safe and healthy dining experiences can be offered
by brands in the fight against the pandemic and for the post-COVID
period to come. PwC’s (2020) most recent market report highlighted
that customers after COVID-19 will seek evidence of safety protocols as
they adjust to so-called new normal. Based on mounting evidence, we
suggest that open-kitchen brands consider air quality surveillance sys-
tems with smart technology that integrate HVAC with the newly
enhanced ventilation systems. This will help customers perceive scien-
tifically proven safety protocols while motivating their willingness to
pay for the service being offered. For example, a smart display that in-
forms customers and employees of a restaurant’s real-time indoor air
quality can be placed in a visible location in the dining space. The
display can serve as a visual cue that shows indoor air quality and ed-
ucates customers and employees how the ventilation system is reacting
(or not reacting) in response to poor air quality. Further, a system that
allows potential customers to check out indoor air quality while making
a reservation on the restaurant’s website will be to the restaurant’s
advantage. Such measures can give customers an impression of what
open-kitchen restaurants and their transparency should be in the age of
COVID-19. After all, the smart system would show tangible proof of how
much care restaurant brands put into invisible cleanliness to protect the
health and well-being of customers and employees in open-kitchen
restaurants. It would also surely restore confidence in in-room dining
and build brand trust in the long run.

6. Limitations and future research

Although the offensively high indoor PM levels monitored in the
study were obtained by placing the equipment in the center of the
restaurant on a counter to match the height of seated customers’
breathing zone, there might be variations in indoor PM levels according
to the specific spot where it is measured due to the distance from the
kitchen and the air currents made by the air conditioning system
blowing indoor PM in a certain direction. This led us to expect that the
observed PM levels in the center of the restaurant might be different
from other spots only a few feet away. Therefore, future studies should
address this aspect and monitor PM levels in multiple spots of the dining
room. Among an average of 52 weeks in a year, the results of this study
were obtained only from a week in a single open-kitchen facility.
Although the week would represent a typical week without any holiday,
cautions should be applied when interpreting the results. Also general-
ization of the results on other open-kitchen restaurants might not be
feasible since previous research indicated that PM emissions from
commercial cooking might vary due to a variety of factors including type
of food, oil, energy source, and so on (Torkmahalleh et al., 2017). Thus,
examining indoor PM levels of another open-kitchen restaurant of a
bigger scale in terms of national presence is suggested for part of future
studies. Obtaining a corporate approval for data usage of its sales and
menu items ordered by the hour would be able to further investigate the
relationship between those pieces information with indoor PM pollu-
tion. Lastly, in order to increase awareness and convince restau-
rant/food service entrepreneurs and local policymakers regarding
hazardous PM pollution in full service open-kitchen restaurants, future
studies should be oriented toward the time series and chemical moni-
toring in source apportionment studies. This way, convincing and real-
istic attributions of sources of indoor PM will be obtained.
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